Osteomyelitis, bacterial arthritis, and periodontal diseases are all caused by bacterial infection (13, 24) . Since bacteria do not invade the periodontal tissues, the release of soluble bacterial factors is thought to be involved in the pathogenesis of these forms of bacterially induced bone destruction. Lipopolysaccharide (LPS) is the most likely candidate for mediating these processes. LPS has been reported to potently stimulate bone resorption in both in vitro and in vivo studies (12, 16, 26) . LPS was reported to induce osteoclast formation in bone marrow culture, and local injection of LPS into the femur was found to lead to a rapid increase in the number of osteoclasts and the area of eroded surface. These findings indicate that increased osteoclast formation is involved in LPS-stimulated bone resorption. Osteoclast formation is an important step in bone resorption, since only osteoclasts can actively resorb bone and have a short life span, less than 2 weeks (8, 23) . Osteoclasts originate from hematopoietic stem cells and belong to the monocyte/macrophage lineage (36, 39) . Differentiation into osteoclasts is influenced by many systemic and local factors, such as hormones, cytokines, growth factors, and eicosanoids. LPS has been known to stimulate the production of many local factors, including tumor necrosis factor ␣ (TNF-␣), interleukin-1 (IL-1), and prostaglandin E 2 (PGE 2 ) from macrophages, fibroblasts, and osteoblastic cells in inflamed periodontal tissues (2, 3, 24) . Despite rigorous studies by many researchers (4, 5, 11, 22, 46) , however, the molecular mechanism of LPSinduced osteoclast formation remains unknown. We therefore focused our attention on the involvement of prostaglandin (PG) in LPS-induced osteoclast formation, based on the recently cloned PG receptor and the results of our recent studies on the skeletal action of PGs (see below).
PGs, especially of the E series, are potent bone-active substances, PGE 2 was reported to potently resorb bone and enhance bone formation both in vitro and in vivo (27, 29) . Until recently, however, the mechanism of action of PGs remained largely unknown. Recently, though, PG receptors have been cloned and thoroughly characterized. Four PGE receptor subtypes have been cloned in mice. They are coupled with different intracellular signaling mechanisms: EP1 with calcium mobilization, EP2 and EP4 with the stimulation of adenylate cyclase, and EP3 mainly with the inhibition of adenylate cyclase (10, 14, 18, 37, 42) . On the basis of these recent findings, we aimed to determine through which subtype of PGE receptor each of the various skeletal actions of PGE 2 is exerted.
We recently studied the mechanism of PGE 2 -induced osteoclast formation in the coculture (30) , and EP4 agonist was found to be far more potent in osteoclast formation than any other agonists. Therefore, we studied EP4 subtype-deficient (EP4 knockout [KO]) mice, which have been recently generated by us, to clarify the importance of EP4 in bone. Most EP4 KO mice died shortly after birth because of failure to close of the ductus arteriosus, a blood vessel which bypasses pulmonary circulation during fetal life (25, 32) . EP4 KO mice which survived to adulthood had no skeletal abnormalities as seen by their gross appearance, soft X-ray analysis, or histological ex-amination. Since these results suggest that EP4 is not essential for the bone function under the basal condition, we then studied the role of EP4 under the disease state, where PGE 2 production is increased. We first studied the involvement of the EP4 subtype in exogenously added PGE 2 -induced osteoclast formation. Our data clearly showed that PGE 2 enhances osteoclast formation through the EP4 subtype on primary osteoblastic cells (POB), not on osteoclast precursors. We then studied the possible involvement of the EP4 subtype in osteoclast formation induced by IL-1␣, TNF-␣, basic fibroblast growth factor (bFGF), and LPS. All these molecules markedly enhanced osteoclast formation in the coculture from wild-type (WT) mice but not in the coculture from EP4 KO mice. Furthermore, they significantly induced prostaglandin G/H synthase-2 (PGHS-2) (which is the inducible form of the ratelimiting enzyme in PG synthesis) mRNA expression in POB, and osteoclast formation by these molecules was almost completely eliminated by the PGHS inhibitor indomethacin. Therefore, the likely mechanism of osteoclast formation by IL-1␣, TNF-␣, bFGF, and LPS is that they increase PG production by inducing PGHS-2 in POB and that PGE 2 , in turn, stimulates osteoclast formation mainly via the EP4 subtype on osteoblasts.
In order to follow up on this evidence that the EP4 subtype of the PGE receptor is crucially involved in LPS-induced osteoclast formation in vitro, the aim of the study reported here was to test the in vivo relevance of this finding.
MATERIALS AND METHODS
Reagents. LPS (Escherichia coli 0127:B8) was purchased from Difco Laboratories (Detroit, Mich.). The osteoclast differentiation factor (ODF) and osteoclast inhibitory factor (OCIF) cDNAs were prepared by reverse transcription-PCR as previously described (20, 45) . ␤-Actin cDNA probe and indomethacin were purchased from Wako Chemical Industry (Tokyo, Japan).
Generation of EP4 KO mice. Details of the generation of EP4 KO mice have been described elsewhere (25, 32) . In brief, a 1.6-kb fragment containing the coding region from Asn-32 in the N-terminal region to Val-317 in the sixth transmembrane region was replaced with a neomycin resistance gene. The targeting vector was then electroporated into E14-1 ES cells. Chimeric males were mated to C57BL/6 females, and homozygous mutant mice were obtained by interbreeding of heterozygous mice.
Treatment. Each experiment included the WT and EP4 KO groups, consisting of seven mice each. The mice were male, 11 weeks old, weighed approximately 25 g, and were age matched. There was no significant difference in body weight between WT and EP4 KO mice. LPS (20 mg/kg of body weight) diluted on sterile 0.01 M phosphate-buffered saline (PBS) or PBS was injected subcutaneously into the back of WT mice or EP4 KO mice (1). Urine was collected before and on days 5, 7, 10, and 14 after injection. Urinary excretion of deoxypyridinoline (D-Pyr) was measured with an enzyme immunoassay kit (Pyrilinks-D; Metra Biosystems Inc., Mountain View, Calif.) and was corrected by simultaneously measured urinary creatinine concentration (40) . Serum was collected before and on days 3, 5, 7, 10, and 14 after injection. Serum osteocalcin levels were measured with a radioimmunoassay kit (mouse osteocalcin RIA reagents; Biomedical Technologies Inc., Stoughton, Mass.).
Histomorphometry. Vertebrae (lumbar 2 to 4) and tibiae from WT and EP4 KO mice were prepared before and on days 5 and 10 after LPS injection. The vertebrae and tibiae were fixed in 4% paraformaldehyde-PBS (pH 7.2) for 24 h, decalcified by means of 10% EDTA-PBS (pH 7.2) for 7 days, dehydrated in a graded concentration of ethanol, and embedded in paraffin according to the standard procedure. Five-micrometer-thick sections were placed on APS-coated glass slides (Matsunami, Osaka, Japan) and stained for tartrate-resistant acid phosphate (TRAP) using a naphthol ASTR (Sigma Chemical Co., St. Louis, Mo.) (9) . For each lumbar vertebra and tibia, two rectangular areas of interest with a width of 0.45 mm were randomly assigned for analysis, extending 0.2 to 0.4 mm from the growth plate. For each group of seven mice, the results were averaged. Osteoclasts were identified as TRAP-positive cells when they had three or more nuclei, directly faced a bone surface, or were located in a resorption cavity.
Cell culture, RNA extraction, and Northern blot analysis. POB were isolated from the calvariae of 1-day-old WT and EP4 KO mice by sequential digestion with bacterial collagenase and dispase (34) . POB (3.5 ϫ 10 3 cells/cm 2 ) from WT mice and EP4 KO mice were seeded in 6-cm-diameter plates, and cultured in ␣-minimum Eagle's medium containing 10% fetal bovine serum (JRH Biosciences, Lenexa, Kans.). At confluency, cells were cultured in a starvation medium (␣-minimum Eagle's medium containing 0.1% fetal bovine serum) for 24 h and exposed to LPS (100 ng/ml) with or without indomethacin (10 Ϫ7 M). After a 4-or 24-h incubation, total RNA was extracted with an RNA Easy Kit (QIAGEN). The RNA was then electrophoresed on a 1.2% agarose gel and transferred onto a Biodyne B membrane (Pall Biosupport, East Hills, N.Y.) and hybridized with ODF, OCIF, and ␤-actin probes labeled with [␣-32 P]dCTP. Hybridization was carried out at 42°C overnight in a hybridization buffer (50% deionized formamide, 5ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 5ϫ Denhardt's solution, 0.2% sodium dodecyl sulfate [SDS] , 200 g of sonicated salmon sperm DNA per ml). The membrane was washed with a washing buffer (2ϫ SSC-0.1% SDS and 0.2ϫ SSC-0.1% SDS), and the radioactivity was analyzed by a bioimage analyzer (BAS 2000; Fuji Film, Tokyo, Japan). The levels of ODF and OCIF mRNAs were analyzed relative to that of ␤-actin.
Statistical analysis. To test statistical significance between two groups, Student's t test was used. For more than two groups, an analysis of variance was used to determine which groups were significantly different. A P value of Ͻ0.05 was considered to be statistically significant.
RESULTS
Urinary excretion of D-Pyr. Systemic LPS injection into WT mice caused a statistically significant increase in the urinary excretion of D-Pyr, which is a sensitive marker for bone resorption. It was approximately 140% of the initial value on day 10 and approximately 160% on day 14 in WT mice (Fig. 1) . In contrast, there was no significant increase of D-Pyr in EP4 KO mice throughout the experiment (day 0 through 14) (Fig. 1) .
Histomorphometric analysis of lumbar vertebrae and tibiae. Osteoclast formation was evaluated by counting the number of cells which were positively stained with TRAP. After systemic injection of LPS into the WT mice, the number of osteoclasts of the lumbar vertebrae statistically significantly increased to approximately 150% of the basal level on day 5 and returned to almost the basal level on day 10. In sharp contrast, LPS injection into the EP4 KO mice caused no significant increase in the number of osteoclasts throughout the experiment (Fig. 2) .
The number of osteoclasts of the tibiae, in WT mice, statistically significantly increased to approximately 160 and 165% of the basal level on days 5 and 10, respectively. In contrast, LPS injection into the EP4 KO mice caused less increase in the number of osteoclasts of the tibiae (107 and 118% on days 5 and 10, respectively) (Fig. 2B) .
Serum osteocalcin levels. After systemic injection of LPS, serum osteocalcin levels had decreased to approximately 40% of the basal level by day 3 after injection and returned to the initial values 10 days after injection. Throughout the experi- 
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ment, there was no significant difference between WT and EP4 KO mice (Fig. 3) . ODF and OCIF mRNA expressions in POB. ODF mRNA expression was hardly detectable under the basal condition (after 24 h of starvation) in POB from either WT or EP4 KO POB. LPS (100 ng/ml) exposure for 4 and 24 h markedly and time dependently induced ODF mRNA expression in POB from WT mice. In POB from EP4 KO mice, LPS exposure for 4 h induced ODF mRNA at almost the same level as WT, and LPS exposure for 24 h increased ODF expression, though this increase was minimal (Fig. 4A) .
The ODF level normalized to ␤-actin induced by LPS exposure for 4 h was approximately 15 times the basal level (average of four independent experiments) in POB from WT and EP4 KO mice. The ODF level induced by LPS exposure for 24 h was 240% Ϯ 43% (from four independent experiments) of that induced by LPS exposure for 4 h in POB from WT mice. In contrast, the ODF level induced by LPS exposure for 24 h was 118% Ϯ 24% of that induced by LPS exposure for 4 h in EP4 KO mice, which was significantly lower than that in WT mice (Fig. 4B) . The ODF level induced by LPS exposure for 4 h was not inhibited by indomethacin either in WT or EP4 KO POB. In contrast, the ODF level by LPS exposure for 24 h was inhibited 34% Ϯ 15% by indomethacin in WT POB, but it was not inhibited by indomethacin in EP4 KO POB.
OCIF mRNA expression was not significantly different under the basal condition between POB from WT and that from EP4 KO mice. LPS (100 ng/ml) exposure for 4 h caused no appreciable changes in OCIF mRNA expression in POB from either WT or EP4 KO mice. LPS exposure for 24 h, however, increased OCIF mRNA expression in POB from both WT and EP4 KO mice (Fig. 4A) . OCIF levels normalized to ␤-actin induced by LPS exposure for 24 h were approximately 150% Ϯ 27% of the basal level in WT mice and 215% Ϯ 49% of the basal level in EP4 KO mice (average of four independent experiments) (Fig. 4B) . OCIF levels induced by LPS exposure were not affected by indomethacin, irrespective of the cell origin (WT or EP4 KO), or duration (4 or 24 h).
DISCUSSION
Some studies have suggested the involvement of PGE 2 in LPS-induced bone resorption (15, 31) . Inhibition of LPS-induced bone resorption by inhibitors of PG synthesis has been reported by several investigations. LPS was found to increase 45 Ca release, hence bone resorption, from neonatal mouse calvariae, and this increase was partly inhibited by indomethacin. More specifically, the involvement of PG in LPS-induced osteoclast formation has also been suggested. For example, Ueda et al. showed that indomethacin inhibited LPS-induced osteoclast formation in bone marrow cultures (41) . Elevation of the number of osteoclasts after LPS injection was reduced by about 50% by indomethacin (10 Ϫ7 M) in mouse calvariae (46) . Furthermore, flurbiprofen, a nonsteroidal anti-inflammatory drug and PGHS inhibitor, reduced the alveolar bone loss associated with periodontitis in beagles in vivo (43) . In addition, Plotquin et al. reported that PGE 2 production was 5 to 30 times higher in osteomyelitic human bones compared with control bones, whereas prostacyclin production remained the same in these two types of bones (28) . These reports indicate that it is likely that PGE 2 at least partially mediates LPSinduced bone resorption. However, these findings constitute indirect evidence and do not provide information on the action mechanism of PGE 2 . To follow up on our recent observation that the involvement of the EP4 subtype of the PGE receptor is essential for LPS-induced osteoclast formation in vitro (30) , the aim of the study reported here was to determine whether this mechanism also functions in vivo. For this purpose, LPS was injected systemically into WT and EP4 KO mice.
The overall bone resorption was evaluated by urinary excretion of D-Pyr. D-Pyr is a degradation product of the cross-link structure of triple helical type I collagen and is a very sensitive marker for bone resorption (40) . LPS injection resulted in a marked increase in urinary D-Pyr excretion in WT but not in EP4 KO mice. Since these data suggest that the EP4 subtype of the PGE receptor is essential for LPS-induced bone resorption in vivo, we then studied whether the EP4 subtype is involved in LPS-induced osteoclast formation in vivo. Histological sections of the lumbar vertebrae and tibiae were stained for TRAP, which is a representative marker for osteoclasts. Histomorphometric analysis revealed that systemic injection of LPS significantly increased the number of osteoclasts of WT vertebrae and tibiae. Interestingly, on day 10 after LPS injection, osteoclast numbers in vertebrae returned to the basal level, in contrast, osteoclast numbers in tibiae remained increased. These results suggest that LPS produces generalized increases in osteoclasts, although each bone may respond to LPS with different time courses. In contrast, LPS caused little changes in osteoclast numbers in vertebrae or tibiae of EP4 KO mice. These results clearly show that the EP4 subtype is involved in LPS-induced osteoclast formation and bone resorption in vivo.
Our results indicated that the number of osteoclasts statistically increased 5 days after LPS injection but that the increase in urinary D-Pyr excretion did not become obvious until day 10 and had only slightly increased by day 7. A recent report also showed that the peak of osteoclast formation and of the area of the eroded surface covered by osteoclasts occurred on day 5 after LPS injection (9) reports (7, 21) showing that deterioration in the trabecular bone connectivity and volume already occurred on day 5 after ovariectomy, while urinary D-Pyr excretion increased more slowly (on day 13). Probably some period is required before D-Pyr excretion increases, which reflects an increase in bone resorption by newly formed osteoclasts. Of further interest is the reduction in serum osteocalcin levels in both WT and EP4 KO mice after LPS injection. Since osteocalcin is a differentiation marker of osteoblasts, and hence of bone formation, these results suggest that LPS negatively affects bone formation both in WT and EP4 KO mice. Recently, LPS was reported to inhibit osteoblastic cell differentiation in rat calvarial (17) . Although further studies are required, these data suggest that the EP4 subtype is involved in LPS-induced bone resorption but not in the negative influence of LPS on bone formation. We subsequently studied the downstream mechanism of EP4. Osteoclast formation is known to be enhanced by three major classes of stimuli: the 1,25(OH) 2 vitamin D 3 pathway, the cyclic AMP-mediated pathway (parathyroid hormone and PGE 2 ), and the gp-130 mediated pathway (IL-6, IL-11, and oncostatin M). Suda et al. postulated that these molecules commonly induce a putative factor to enhance osteoclast formation on osteoblasts (35) . Recently this putative common factor, the ODF (also known as osteoprotegerin ligand, OPGL, RANKLE, or TRANCE) was cloned by several groups of researchers. ODF is a TNF-␣-like molecule, is induced on the osteoblast plasma membrane by the stimuli mentioned earlier, and enhances osteoclast differentiation through the interaction with its receptor on osteoclast precursor cells (20, 38, 45) . Another molecule involved in this cell-cell interaction was cloned: the OCIF (also known as osteoprotegerin or OPG). OCIF functions as a decoy receptor and interferes with the interaction of ODF and its receptor (33, 44) . Their functional relevance is clearly shown by the finding that ODF KO mice develop osteopetrosis and OCIF KO mice develop severe osteoporosis (6, 19) . In the present study, LPS exposure for 4 h strongly induced ODF mRNA expression in POB from WT mice and EP4 KO mice. ODF levels in WT and EP4 KO were almost the same, and this may be due to a PG-independent pathway, because the levels were not inhibited by indomethacin. LPS exposure for 24 h further increased ODF mRNA expression level (240% of that by LPS exposure for 4 h) in WT POB, and this induction was inhibited about 34% by indomethacin. These results suggest that ODF induction was induced by not only a PG-dependent pathway but also a PG-independent pathway such as a direct effect of LPS. Although LPS exposure for 24 h increased ODF mRNA expression in EP4 KO mice (118% of that by LPS exposure for 4 h), this increase was minimal, and this induction was not inhibited by indomethacin. From these results, a small increase in ODF expression in EP4 KO POB is likely to be due to a PG-independent pathway rather than a PG-dependent pathway via another receptor except EP4 subtype. LPS induced slightly more OCIF mRNA expression in POB from EP4 KO mice than WT mice. These findings suggest that the reduced ODF expression and apparently increased OCIF expression also are responsible for the aforementioned finding that bone resorption induced by LPS is markedly reduced in EP4 KO mice.
Our previous in vitro data showed, in the coculture using cells from EP4 KO mice, little osteoclast was formed by PGE 2 , IL-1␣, TNF-␣, bFGF, and LPS, which suggests that osteoclast formation by these molecules is mostly PG dependent. In contrast, osteoclast formation by 1,25(OH) 2 vitamin D 3 and parthyroid hormone in the coculture from EP4 KO mice was only partially decreased, which suggests that osteoclast formation by 1,25(OH) 2 vitamin D 3 and parathyroid hormone is largely PG independent. The above findings, together with the current data, suggest that impaired LPS-induced osteoclast formation is a specific phenomenon in EP4 KO mice and not the nonspecific or indirect consequence of the lack of EP4 receptor.
In conclusion, the involvement of the EP4 subtype of the PGE receptor is important for LPS-induced bone resorption in vivo. Antagonizing EP4 action may thus prove to be clinically useful for the treatment of bacterially induced bone loss, such as in periodontitis and osteomyelitis.
